Magnetic anisotropy of epitaxially grown thin films is affected by the strain from the substrates due to a combined effect of distorted electronic structure and spin-orbit interaction (SOI). As an inverse process, one expects an anisotropy of the electronic structure induced by magnetization in the presence of SOI. We have studied the charge-density anisotropy induced by magnetization in thin films of the ferromagnetic metal La 1−x Sr x MnO 3 via x-ray magnetic linear dichroism (XMLD). XMLD measurements on thin films with various thicknesses have shown that the XMLD intensity is proportional to the square of the ferromagnetic moment.
Introduction
Magnetic anisotropy of ferromagnetic thin films and multilayers has been intensively studied so far both from technological and scientific interests. 1) From the technological point of view, materials with large magnetic anisotropy are desired for the realization of permanent magnets with higher coercive fields, magnetic recording media with higher density, and various spintronics devices. From the scientific point of view, clarifying the microscopic origin of magnetic anisotropy has been a challenging problem. Although it has been well established that magnetic anisotropy arises as a combined effect of the anisotropy of electronic states and spin-orbit interaction (SOI), consensus has not been reached yet regarding the detailed mechanism for it. In his seminal paper, Bruno 2) has shown by the perturbative treatment of SOI that the magnetocrystalline anisotropy (MCA) energy is proportional to the anisotropy of the orbital magnetic moment (M orb ), suggesting that the orbital-moment anisotropy (OMA)
is the primary origin for MCA. Wang et al. 3) have extended Bruno's theory, by incorpolating the 'spin-flip' term in addition to the 'spin-conservation' term, that the anisotropy of spindensity distribution, represented by 'magnetic dipole' M T , 4, 5) also contributes to the MCA. 6) The theories by Bruno and Wang et al. have been summarized by van der Laan 6) in a more concise form. Several theoretical studies have predicted that the magnetic dipole M T may make a larger contribution to the MCA energy than the OMA. [7] [8] [9] It has also been shown by several x-ray magnetic circular dichroism (XMCD) studies that the anisotropy of spin-density distribution M T is associated with MCA. 10, 11) These studies suggests that the charge-density anisotropy can also affect the preferential orientation of spin magnetic moments.
Since the electron orbitals and spins are coupled with each other through SOI, it is also expected, as an inverse process of the abovementioned process leading to MCA, that one can magnetically induce the OMA and anisotropic charge distribution by aligning the electron spin magnetic moments. X-ray linear dichroism (XLD) in core-level x-ray absorption spectroscopy (XAS) is a spectroscopic method which can probe the anisotropic charge distribution by measuring the differences in the XAS spectra between the two orthogonal linear polarizations. It is particularly called x-ray magnetic linear dichroism (XMLD) if the anisotropic charge distribution is magnetically induced. XMLD has been utilized for various magnetic thin films and multilayers in order to clarify the relationship between the electron spins and orbitals, [12] [13] [14] [15] [16] [17] [18] [19] especially for systems which exhibit perpendicular magnetic anisotropy 14, 18) and exchange bias. 17) As for the thin films of ferromagnetic manganites such as La 1−x Sr x MnO 3 (LSMO), the anisotropy of charge distribution between the out-of-plane and in-plane direc- tions has been investigated via XLD [20] [21] [22] [23] and XMLD. 22) However, the charge anisotropy within the film plane has not been investigated in these studies.
In the present article, we shall discuss intercoupling between the electron spins and charge anisotropy in LSMO thin films by the XMLD method. The relationship between XMLD and ferromagnetic moment is confirmed by the thickness dependence of XMLD.
Methods
LSMO (x = 0.4) thin films were grown on SrTiO 3 (STO) (001) substrates by the laser molecular beam epitaxy method. 24) Due to the difference in the lattice constants between LSMO (a = 0.384 nm) and STO (a = 0.3905 nm), the LSMO films undergo tensile strain from the STO substrates. 25) The growth conditions of the films were essentially the same as using the vector-XMCD apparatus. 10, 27) This means that the V and H polarizations correspond to the electic field vector of the x rays (E) parallel and perpendicular to the spin magnetic moment M spin , respectively. In the present article, the in-plane [010] c direction (i.e., the direction of the M spin ) is chosen to be the z-axis, following the definition in Refs. 28, 29. The x-axis is chosen to be the sample-normal ([001] c ) direction (i.e., opposite to the wavevector of the incident x rays) and y-axis to be the [100] c direction (i.e., the in-plane direction perpendicular to M spin ). We define XMLD as XAS (V) − XAS (H) here.
The XMLD experiments were performed at the beamline BL-16A2 of KEK Photon Factory (KEK-PF) installed with a twin Apple II-type undulator. The measurement temperature T was 30 K. The spectra were measured in the total electron-yield (TEY) mode. The base pressure of the measurement chamber was ∼ 1 ×10 −9 Torr. The obtained XAS and XMLD spectra were analyzed with the cluster-model calculation using the 'Xtls' code (version 8.5). 30) Details of the calculation methods are described in the previous report.
10)

Results and Discussion
Figure 2(a) shows the Mn L 2,3 -edge XAS spectra of the LSMO thin films averaged over both the H and V polarizations. In the raw spectra, XAS signals originating from Mn 2+ overlap, as shown by dotted curves in Fig. 2(a) . Such XAS signals of Mn 2+ are sometimes observed in manganite thin films due to extrinsic effects such as oxygen reduction at the surface. 31) We have, therefore, subtracted these extrinsic Mn 2+ signals following the method presented in the previous study. 32) This affects the absolute values of the XMLD intensities by ∼ 10% at most, but does not change our main conclusion. After having subtracted the Mn 2+ signals, the spectral line shapes are almost identical to those in previous studies. 10, 20-23, 26, 33) The peak positions of the spectra are shifted to lower photon energies with decreasing thickness, indicating that the valence of Mn gradually decreases. This is the same tendency as the previous XMCD study, which may be due to electron doping at the interfaces from the substrates and/or from oxygen vacancies. 26) Figure 2 (b) shows the XMLD spectra of the LSMO thin films with various thicknesses. We note that the lower signal-to-noise ratio of the XMLD spectrum for the 2-UC film than those for the other films is due to the smaller photocurrent intensities for the 2-UC film caused by the small sample volume and the high resistivity of the thinnest film. 34) The XMLD intensity gradually decreases as the thickness of LSMO is reduced, while the spectral line shape of XMLD is essentially unchanged. Here, the XMLD intensity is defined as the difference between the signal intensities at 641.1 eV and at 643.1 eV (which are the peak and the dip positions of the XMLD spectra for the 15 UC film, re-4/12 spectively), as shown in Fig. 2(b) . Note that this definition has been adopted because it is less affected by the procedure of the background subtraction compared to the spectral areas of XMLD. In Fig. 2(c) , thus estimated XMLD intensities are plotted against the square of the ferromagnetic (FM) moment M 2 ferro , which has been estimated from the magnetization curves measured by XMCD.
26) The plot clearly shows that the XMLD intensity is proportional to M 2 ferro . In general, the XMLD intensity is proportional to the square of the local spin magnetic moment.
28) The above result suggests that the XMLD signals originate from the FM phases rather than the antiferromagnetic (AFM) phases, which was possibly present in the sample as an impurity phase.
According to the sum rule for XLD, 29) the integral of the XMLD spectra over the L 3 and L 2 absorption edges gives the electric quadrupole moment Q zz = 1 − 3z 2 /r 2 , namely, the anisotropy of the charge distribution. Figure 3(a) shows the integrated XMLD spectra calculated from Fig. 2(b) , and the values of (7/2) Q zz deduced from them are shown in Fig.   3 (b) as a function of thickness. We note that (7/2) Q zz is equal to +2 (−2) for the
The values of Q zz are negative for all the thicknesses and the absolute values of Q zz gradually increases with thickness, as the films turn from the paramagnetic into the ferromagnetic states. Without the spin magnetic moment M spin , the electron distribution should be isotropic between the in-plane y-and z-directions because the films have a tetragonal crystal symmetry. The negative values of Q zz (= 1 − 3z 2 /r 2 ) shows that the electrons are more densely distributed along the z-directions than the y-direction due to the presence of M spin , namely, the electron orbitals are 'elongated' along the spin direction through SOI.
The observed charge-density anisotropy (7/2) Q zz ∼ −0.1 corresponds to the preferential occupation of the d 3z 2 −r 2 orbital by ∼ 10% compared to the d x 2 −y 2 orbital.
In Fig. 4(a) , the experimentally obtained XMLD spectrum (for 15 UC) is compared with the theoretical ones calculated using the MnO 6 Fig. 4(b) , the integrals of the simulated XMLD spectra over the Mn L 3 and L 2 edges become negative in the presence of SOI of Mn 3d electrons, while they are equal to zero in the absence of SOI for both the crystal symmetries. The negative XMLD integrals suggest that Q zz < 0, namely, the charge density is higher along the z-direction than the y-direction, which is again consistent with the experiment. These simulations also demonstrate that SOI of Mn 3d electrons is indispensable for the experimentally observed charge-density anisotropy within the plane.
The present result illustrates that the charge distribution of Mn 3d electrons is elongated along the spin direction. This means that the state in which the electron orbitals are elongated along the spins is more energetically favorable. This observation may be related to the strain-induced magnetic anisotropy in manganite thin films which has been previously reported. 35, 36) It is known that the magnetic easy directions of LSMO thin films are out-of-plane in the case of compressive strain and in-plane in the case of tensile strain. 35, 36) The charge density of spin-polarized Mn 3d electrons under the compressive and tensile strain is shown to be higher along the out-of-plane and in-plane directions, respectively. 10, 25) Therefore, it follows that LSMO thin films tend to be magnetized parallel to the directions along which the Mn 3d orbitals are elongated, the same tendency as the present XMLD result. The present study corroborates that the strain-induced magnetic anisotropy in LSMO thin films originates from the combining effect of SOI and the charge-density anisotropy of spin-polarized Mn 3d 8/12 electrons. The magnetic anisotropy and the charge anisotropy are related with each other in two ways: One is that the charge anisotropy of spin-polarized electrons yields finite magnetic dipole M T , resulting in finite MCA energy through the spin-flip term in perturbation theory with respect to SOI by Wang et al. 3, 6) The other is that the OMA contributes to the MCA energy through Bruno's spin-conservation term 2, 6) and that the observed charge anisotropy is indirectly induced by the OMA. In order to see which of the magnetic dipole M T and the OMA plays a more important role in the MCA of LSMO thin films, further experimental and theoretical studies are needed.
Conclusion
We have studied the magnetically-induced anisotropic charge distribution in the LSMO (x = 0.4)/STO (001) thin films via XMLD. From the thickness dependence of the XMLD spectra, it has been shown that the XMLD intensity is proportional to the square of the FM moment of the film, suggesting that the XMLD signals originate from the FM phase in the LSMO thin films rather than the possible AFM impurity phase. The electric quadrupolar moment Q zz , which represents the anisotropy of the charge distribution, is shown to be negative, indicating that the in-plane (y 2 − z 2 ) orbital of the Mn 3d electrons is slightly elongated along the direction of the spins. This is consistent with the theoretical prediction based on the MnO 6 cluster model with tensile strain and with SOI. The observed charge anisotropy, i.e., the elongation of the electron orbital along the spin direction, may be related to the strain-induced magnetic anisotropy in LSMO thin films.
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